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Ribonucleoprotein (RNP) granules transport, store, or degrade messenger RNAs,
thereby indirectly regulating protein synthesis. Normally, RNP granules are highly
dynamic compartments. However, because of aging or severe environmental stress,
RNP granules, in particular stress granules (SGs), convert into solid, aggregate-like
inclusions. There is increasing evidence that such RNA-protein inclusions are associated
with several age-related neurodegenerative diseases, such as amyotrophic lateral
sclerosis (ALS), fronto-temporal dementia (FTD) and Alzheimer’s disease (AD). Thus,
understanding what triggers the conversion of RNP granules into aggregates and
identifying the cellular players that control RNP granules will be critical to develop
treatments for these diseases. In this review article, we discuss recent insight into
RNP and SG formation. More specifically, we examine the evidence for liquid-liquid
phase separation (LLPS) as an organizing principle of RNP granules and the role of
aggregation-prone RNA-binding proteins (RBPs) in this process. We further discuss
recent findings that liquid-like SGs can sequester misfolded proteins, which promote an
aberrant conversion of liquid SGs into solid aggregates. Importantly, very recent studies
show that a specific protein quality control (PQC) process prevents the accumulation
of misfolding-prone proteins in SGs and, by doing so, maintains the dynamic state of
SGs. This quality control process has been referred to as granulostasis and it relies
on the specific action of the HSPB8-BAG3-HSP70 complex. Additional players such
as p97/valosin containing protein (VCP) and other molecular chaperones (e.g., HSPB1)
participate, directly or indirectly, in granulostasis, and ensure the timely elimination of
defective ribosomal products and other misfolded proteins from SGs. Finally, we discuss
recent findings that, in the stress recovery phase, SGs are preferentially disassembled
with the assistance of chaperones, and we discuss evidence for a back-up system that
targets aberrant SGs to the aggresome for autophagy-mediated clearance. Altogether
the findings discussed here provide evidence for an intricate network of interactions
between RNP granules and various components of the PQC machinery. Molecular
chaperones in particular are emerging as key players that control the composition and
dynamics of RNP granules, which may be important to protect against age-related
diseases.
Keywords: molecular chaperone complexes, protein homeostasis, RNA homeostasis, stress granules, phase
separation, age-related neurodegenerative diseases, amyotrophic lateral sclerosis
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INTRODUCTION
Ribonucleoprotein (RNP) granules are large RNP particles.
Examples are processing bodies (PBs) and stress granules
(SGs) in the cytoplasm and neuronal transport granules in
the axons and dendrites of neurons. These RNP granules have
diverse functions in transporting, storing, or degrading RNAs
(Buchan and Parker, 2009). Evidence is now accumulating that
RNP granules form through the process of liquid-liquid phase
separation (LLPS; Brangwynne et al., 2009; Li et al., 2012; Hyman
et al., 2014). For phase separation to occur, two components
are necessary: RNA-binding proteins (RBPs) and RNAs. An
initially homogenous solution of these two components can
demix into two co-existing phases, a dense phase that is enriched
for protein and RNA and a dilute phase, which then stably
co-exist. The dense phase behaves as a compartment that
allows selective access of certain proteins and RNAs, but not
others (Hyman et al., 2014; Banani et al., 2016; Su et al.,
2016).
RBPs that are required for RNP granule formation by
phase separation have very unusual biophysical and biochemical
properties. This makes these proteins prone to misfold and
aggregate, thus creating a need to tightly control them. In
agreement, there is increasing evidence of a cross-talk between
RNP granules and the protein quality control (PQC) machinery,
a system of chaperones and protein degradation factors that
monitors the structure of proteins in cells. Moreover, an
increasing number of diseases have been associated with defects
in protein quality components that specifically affect RBPs and
RNP granule formation.
In this review article, we examine emerging ties between
PQC and RNP granules. We focus on SGs, which are
RNP particles that assemble upon environmental stress
(Kedersha and Anderson, 2002). We will first give a
general introduction to PQC. We will then discuss how
RNP granules are formed and how the process of RNP
granule assembly interfaces with PQC. Next, we will examine
recent evidence that the quality control system specifically
targets SGs, in a process we refer to as granulostasis
(Ganassi et al., 2016; Mateju et al., 2017). Finally, we discuss
emerging evidence that deregulated granulostasis and SG
malfunction cause many neuromuscular and neurodegenerative
diseases.
PROTEOSTASIS: GENERAL CONTROL OF
PROTEIN FOLDING AND MISFOLDING
Most proteins, including RBPs, need to fold into a well-defined
three-dimensional structure to properly perform their functions.
Although the information for folding into a three-dimensional
structure is encoded in the primary sequence of a protein,
folding, especially for large multi-domain proteins, often fails
(Hartl et al., 2011). Acquiring the native state is particularly
challenging within the cellular environment, for several reasons.
First, the cytoplasm is a highly crowded and polydisperse
environment, which favors promiscuous interactions between
exposed hydrophobic regions of newly synthetized proteins.
Second, a substantial portion of newly made proteins acquire
their native conformations only after association with their
specific binding partners. Third, hundreds of proteins within
the cell exist in concentrations where they are barely soluble;
these so-called supersaturated proteins constitute a metastable
sub-proteome that is constantly at risk of irreversible aggregation
(Ciryam et al., 2015). Fourth, cells are frequently exposed to
proteotoxic conditions and such conditions make the correct
folding of proteins and the preservation of their native structures
even more difficult. Finally, genetic mutations can increase the
propensity of a protein to misfold and aggregate, putting a
heavy burden on the protein synthesis machinery (Labbadia and
Morimoto, 2015).
Maintaining protein homeostasis is crucial for cellular and
organismal health and survival. Failure to correctly handle
misfolding-prone proteins can lead to the formation of
cytotoxic aggregates and neurodegenerative diseases (Ciryam
et al., 2015). To counteract the detrimental effect of aberrant
protein folds, cells have evolved a complex system that
monitors and assists protein folding. Correct protein folding
or proteostasis is ensured by the PQC system, an integrated
network of molecular chaperones, co-chaperones and two
degradative systems, namely the ubiquitin-proteasome system
(UPS) and autophagy (Hartl et al., 2011; Labbadia andMorimoto,
2015).
MOLECULAR CHAPERONES
Molecular chaperones transiently interact with and stabilize an
unfolded protein in order to facilitate its folding into the native
conformation (Hartl et al., 2011). Chaperones assist the folding
of proteins, already as they emerge from the ribosome and/or
when they transiently unfold, thus preventing their irreversible
aggregation. When misfolding and aggregation cannot be
prevented (e.g., due to genetic mutations that destabilize
protein conformation or decrease protein solubility), molecular
chaperones can also promote the targeting of misfolded proteins
for degradation. Because of their fundamental function in
maintaining a healthy proteome, it is not surprising that
molecular chaperones appeared very early in evolution and are
present in all kingdoms of life, from archaea to prokarya to
eukarya.
Molecular chaperones can be grouped into several classes,
and many perform specific functions by residing in certain
cell compartments or targeting specific client proteins. A
large number of chaperones are also referred to as ‘‘stress
proteins’’, since their expression is induced upon stress, including
temperature changes or exposure to oxidative stress or UV
light. The best studied molecular chaperones are the Heat Shock
Proteins (HSPs), which are grouped into families according to
their molecular weight: HSP100, HSP90, HSP70, HSP60 and
small HSPs (Lindquist and Craig, 1988). These HSPs all have
in common the ability to sense and bind to hydrophobic
regions of unfolded/misfolded substrate proteins. However,
they prevent protein aggregation with different mechanisms.
Small HSPs possess no ATPase activity and are generally
considered as ‘‘holdases’’; they maintain the bound substrate
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protein in a state competent for further processing in cooperation
with other molecular chaperones (Haslbeck et al., 2005). In
contrast, ATP-dependent chaperones, such as HSP100, HSP90,
HSP70 and HSP60, hydrolyze ATP to cyclically release the
unfolded substrate, thereby allowing time for proper folding
until the native conformation is reached. Folding can occur
in the bulk cytosol (e.g., HSP70 and HSP90) or inside hollow
chaperones with a cylindrical shape (HSP60s; Hartl et al.,
2011).
Molecular chaperones often work in concert with a
network of other chaperones and co-chaperones. For example,
HSP70 switches, in an ATP-dependent manner, between a high-
and low-affinity state for unfolded substrates. Chaperones like
the DNAJs/HSP40s accelerate the hydrolysis of ATP, thereby
facilitating the binding of HSP70 to its clients. HSP70 also
binds to nucleotide exchange factors (NEFs), including the BAG
proteins; these catalyze the dissociation of ADP from HSP70,
ensuring substrate release and chaperone recycling. These
factors and co-chaperones can also promote targeting of HSP70-
bound client to degradation systems, such as the proteasome or
autophagy (Kampinga and Craig, 2010). Alternatively, the bound
clients can be transferred to other chaperone machineries, like
HSP90 or HSP60, to complete protein maturation (Hartl et al.,
2011; Figure 1).
Molecular chaperones constitute a very powerful arm of the
PQC system. Chaperones recognize aberrant protein folds and
keep the cell free of toxic protein species by promoting their
refolding or degradation. Importantly, most of the aberrant
protein folds in a cell are produced at the ribosome during
protein synthesis (Schubert et al., 2000). For this reason, the
ribosome has evolved a very sophisticated chaperone and PQC
machinery.
PROTEIN QUALITY CONTROL AT THE
RIBOSOME
Errors are intrinsic to the mRNA translation process and
can lead to the production of defective polypeptides that
are both aggregation-prone and potentially harmful to the
cell. The production of so-called defective ribosomal products
(DRiPs) can be a consequence of misincorporation of amino
acids, premature translation termination, damaged mRNAs or
DNA mutations (Schubert et al., 2000). Therefore, to avoid
the accumulation of potentially harmful defective translation
products, cells evolved sophisticated PQC systems that operate
right at the ribosome.
One example are specific molecular chaperones that assist the
cotranslational folding process of newly produced polypeptides.
These molecular chaperones immediately interact with nascent
polypeptides when they exit from the ribosome. Specialized types
of HSP70s and HSP40 co-chaperones are part of the ribosome-
nascent peptide complex that facilitates the cotranslational
folding process (Beckmann et al., 1990; Nelson et al., 1992;
Wang et al., 2013; Gloge et al., 2014). This cotranslational
FIGURE 1 | The ribosome quality control (RQC), protein quality control (PQC) and cellular degradation systems. Defects at the level of the mRNA as well
as defective ribosomal products (DRiPs) activate RQC mechanisms. This leads to the selective elimination of aberrant nascent polypeptides via the proteasome
and/or autophagy. Key players of the RQC system include, e.g., LTN1, nuclear export mediator factor (NEMF), valosin containing protein (VCP) and co-factors
Npl4 or Ufd1. Similarly, when misfolded proteins accumulate, for example because of proteotoxic stress, molecular chaperones, such as DNAJs and HSPBs, act in
concert with HSP70 and specific co-chaperones to target misfolded proteins to the proteasome (BAG1) or autophagy (BAG3) for disposal. Autophagy receptors and
adaptor molecules, such as p62 and HDAC6, participate in targeting (poly)ubiquitinated substrates to autophagosomes.
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quality control system senses the folding state of these nascent
polypeptides during translation and, when it detects defects,
recruits degradation factors to clear defective and potentially
toxic species.
In addition, cells also evolved a ribosome-associated quality
control system (RQC), which senses defects at the level of the
mRNA, rather than on the level of the polypeptide (Brandman
et al., 2012; Cherkasov et al., 2013). In fact, damaged mRNAs,
high amounts of mRNA secondary structures, the presence
of repeated sequences, including the poly(A) tail, as well as
deficiencies of specific amino acids or tRNAs can all lead to
translational stalling; this alerts the RQC and result in the
targeting of the nascent polypeptide for degradation. The key
RQC players include the E3 ligase Listerin (Ltn1), the nuclear
export mediator factor (NEMF/Rqc2/Tae), Rqc1, the nascent
polypeptide associated complex (NAC), the AAA+ ATPase
valosin containing protein (VCP/Cdc48) and its co-factors
Npl4 and Ufd (Bengtson and Joazeiro, 2010; Brandman et al.,
2012; Defenouillere et al., 2013; Shao et al., 2015; Yonashiro
et al., 2016). These proteins physically associate with the 60S
ribosome and orchestrate a series of events that promote the
disassembly of the stalled translation complex and the recycling
or degradation of ribosomal subunits, mRNAs and nascent
polypeptides (Figure 1).
In addition, the defective nascent polypeptide is marked with
specific post-translational modifications (PTMs) that dictate the
polypeptide’s fate. Polyubiquitination, for example, promotes
VCP-assisted targeting of DRiPs to the proteasome or autophagy
machinery for disposal (Verma et al., 2013). In contrast,
addition of a C-terminal Alanine-Threonine Tail (CAT tail),
or CATylation, which is operated by NEMF, makes stalled
proteins insoluble and prone to aggregate. CATylation and
protein aggregation also activate the expression of canonical
chaperones, including HSPs, via the master regulator HSF1,
thereby enhancing the chaperone capacity of the cells, likely
in an attempt to preserve proteostasis under conditions of
translational stress (Brandman and Hegde, 2016; Choe et al.,
2016; Figure 1).
Collectively, the cotranslational quality control, the RQC and
the post-translational quality control pathways, in concert with
the disposal machineries, protect the proteome by ensuring
the clearance of potentially harmful DRiPs. Protein disposal by
degradation often seems to be the preferred way of inactivating
potentially harmful polypeptides.
DISPOSAL SYSTEMS: THE PROTEASOME
AND AUTOPHAGY PATHWAYS
In mammalian cells, two main degradative pathways are
responsible for the clearance of misfolded proteins: the UPS and
the autophagy machinery (Ciechanover, 2005). The UPS is a
highly specific degradative pathway that is normally involved
in the degradation of short-lived nuclear and cytosolic proteins
carrying ubiquitin chains (Glickman and Ciechanover, 2002;
Ravid and Hochstrasser, 2008). Degradation of proteins through
the UPS requires the concerted action of enzymes, chaperones
and co-chaperones. The linkage of ubiquitin chains to the
target protein is mediated by an enzymatic cascade, comprising
an E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating
enzyme(s) and E3 ubiquitin ligase(s). The polyubiquitinated
proteins are then recognized and processed by the 26S
proteasome, a barrel-shapedmulticatalytic complex consisting of
two major parts: the 19S regulatory component and the 20S core
catalytic component. The 19S complex recognizes the substrate,
unfolds it via the ATPase subunits, and removes the ubiquitin
tags. Then, the deubiquitinated substrate enters the catalytic
barrel of the 20S proteasome, where it is degraded (Glickman and
Ciechanover, 2002; Ravid and Hochstrasser, 2008).
The disposal of proteins by the UPS often requires the
cooperation of chaperones and co-chaperones. One example
of a complex that targets client proteins to the proteasome
is the HSP70-BAG1-CHIP complex. BAG1 is one of the six
members of the BAG (Bcl-2 associated athanogene) family
of proteins (Takayama and Reed, 2001); it shuttles misfolded
proteins to the proteasome and acts as a NEF of HSP70.
CHIP, on the other hand, is an E3 ligase that interacts, via its
tetratricopeptide repeat (TRP) domain, with chaperones such as
HSC70, HSP70 and HSP90; CHIP suppresses the ATPase activity
of HSC70/HSP70 and directs the substrates to the proteasome
by tagging them with ubiquitin (Demand et al., 2001; Alberti
et al., 2002; Qian et al., 2006). Although the UPS system plays
a crucial role in the disposal of misfolded proteins, it can only
degrade proteins that can be processed and unfolded via the
19S regulatory particle functions. Aggregated proteins may not
fit into the proteasome barrel and are instead degraded via
an alternative pathway, referred to as autophagy (Yang and
Klionsky, 2009).
Autophagy is a conserved mechanism that acts to
maintain cellular nutrient levels and intracellular organelle
homeostasis; it also plays an essential role in the removal of
potentially harmful aggregated proteins. The deregulation of
autophagy has been implicated in a wide range of disorders,
including neurodegeneration and cancer (Yang and Klionsky,
2010). Autophagy can be classified into macroautophagy,
microautophagy and chaperone-mediated autophagy (CMA;
Yang and Klionsky, 2009). Macroautophagy is a multistep
process that involves the formation of a double-membraned
vesicle, the autophagosome, which is degraded by subsequent
fusion with lysosomes (Mizushima et al., 2008). Microautophagy
involves the direct sequestration of cytosolic components by
invagination of lysosomal membranes. CMA is a highly selective
mechanism that degrades soluble cytoplasmic substrates
containing a lysosome-targeting motif (Arias and Cuervo,
2011).
Although for a long time macroautophagy (often referred
to as autophagy) was considered a non-selective degradation
process, recent evidence has uncovered various forms of
selective autophagy. Specific autophagy pathways exist to
degrade mitochondria (mitophagy), lipid droplets (lipophagy),
peroxisomes (pexophagy), ribosomes (ribophagy) and protein
aggregates (aggrephagy) (Yang and Klionsky, 2009). Specific
target recognition is mediated by cargo receptors/adaptors
together with the yeast Atg8 or its mammalian homolog
LC3, which are ubiquitin-like modifiers that localize to
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autophagosome membranes (Cohen-Kaplan et al., 2016).
Cargo receptors harbor specialized domains that mediate the
interaction with target proteins and autophagy machinery.
p62/SQSTM1 (sequestosome 1) and NBR1 (neighbor of
BRCA1 gene 1), for example, possess a UBA domain, which
allows them to bind ubiquitinated substrates, and a LIR domain,
which targets the cargo to autophagosomes by interacting with
LC3 (Kirkin et al., 2009; Lamark et al., 2009). Importantly,
p62 has a preference for K63-based ubiquitin chains, which
function as targeting signal for autophagy rather than for
proteasomal degradation (Olzmann et al., 2007; Tan et al., 2008).
p62 also interacts with the HSPB8-BAG3-HSP70 chaperone
complex and together they sequester misfolded ubiquitinated
proteins for selective autophagy (Minoia et al., 2014). Cargo
receptors such as p62 thereby ensure the clearance of aggregated
proteins that would otherwise accumulate in cells, with
potentially toxic consequences. Indeed, p62 and ubiquitin are
frequently found on protein inclusions that accumulate in
protein conformation disorders, such as Parkinson’s disease,
Huntington’s disease or amyotrophic lateral sclerosis (ALS;
Menzies et al., 2015).
Although the proteasome and autophagy systems are
distinct pathways for proteins degradation, they are linked by
specific players (Pandey et al., 2007; Zhao et al., 2007). Key
players of the UPS/autophagy cross-talk include, besides p62,
ALFY (autophagy-linked FYVE protein) and HDAC6 (histone
deacetylase 6). ALFY interacts with p62 and mediates the
selective degradation of ubiquitinated cargoes via autophagy
(Clausen et al., 2010; Filimonenko et al., 2010). HDAC6 binds to
ubiquitin and the molecular motor dynein and carries misfolded
proteins to the microtubule organizing center (MTOC). By doing
so, HDAC6 assists the packaging of misfolded proteins into
so-called aggresomes, for subsequent storage or degradation
via autophagy (Kawaguchi et al., 2003; Lee et al., 2010).
Additional factors that promote a cross-talk between theUPS and
autophagymachinery are chaperone complexes. For example, the
HSPB8-BAG3-HSP70 chaperone complex mediates the selective
targeting of chaperone-bound substrates to autophagy in concert
with p62 and dynein (Gamerdinger et al., 2011).
More generally, chaperone complexes play important roles
in deciding the fate of client proteins, and this decision is
often dependent on the overall activity of the autophagy and
UPS systems. For example, under conditions of proteasome
impairment, the HSPB8-BAG3-HSP70 chaperone complex
is upregulated, which then re-routes (poly)ubiquitinated
clients to p62 bodies for autophagy-mediated disposal
(Minoia et al., 2014). In contrast, upon inhibition of dynein-
mediated transport to the MTOC, which is required for
efficient aggresome formation and autophagy-mediated
degradation, cells preferentially upregulate BAG1. Association
of BAG1 with HSP70 then re-routes chaperone clients to
the proteasome (Cristofani et al., 2017). Combined these
data demonstrate that the UPS, the autophagic machinery
and specific chaperone complexes (e.g., BAG1-CHIP-
HSP70 and HSPB8-BAG3-HSP70) cooperate to ensure the
degradation of abnormal proteins, thereby maintaining a healthy
proteome.
An increasing number of studies now suggest that
failure of quality control mechanisms causes age-related
neurodegenerative diseases, such as ALS and fronto-temporal
dementia (FTD). A hallmark of these diseases is that specific
proteins called prion-like proteins misfold and form cytotoxic
aggregates. But why are these proteins so prone to aggregate and
why is the PQC machinery no longer able to keep these proteins
under control? As we discuss in the next section, prion-like
proteins have very unusual biophysical properties, which are
required for these proteins to perform their physiological
function as organizers of intracellular compartments. However,
the ability to form compartments becomes detrimental with
increasing age, because aging impairs the proteostasis machinery
of cells and thus increases the probability that prion-like proteins
will form irreversible aggregates.
PRION-LIKE PROTEINS, CELL
ORGANIZATION AND AGE-RELATED
DISEASES
Cellular functionality depends on intracellular organization and
compartmentalization. There are two types of compartments
in eukaryotic cells: membrane-bound and membrane-less
compartments. For membrane-bound compartments it is
easy to understand how they perform their function: they
separate biomolecules through lipid bilayers. However, how
membrane-less compartments separate biomolecules has
only recently become clear. Evidence now suggests that
membrane-less compartments form through the process of
LLPS (Brangwynne et al., 2009; Li et al., 2012; Hyman et al.,
2014). In LLPS an initially homogenous solution of components
becomes supersaturated and then demixes into two phases
that then stably co-exist. One of these phases has properties
of a dense liquid that continuously exchanges material with
the surrounding environment. The interface of the dense
liquid forms a compartment boundary, which controls the
exchange of material with the surrounding milieu. Examples of
membrane-less compartments are RNP granules (Brangwynne
et al., 2009), centrosomes (Woodruff et al., 2016) and nucleoli
(Brangwynne et al., 2011).
Membrane-bound compartments require lipids for
compartment formation. But which macromolecules are
required for the formation of membrane-less compartments?
Recent findings suggest that the formation of membrane-less
compartments such as RNP granules requires RNA and a special
class of multivalent proteins (Lin et al., 2015; Molliex et al., 2015;
Patel et al., 2015). These proteins often contain intrinsically
disordered regions that are characterized by low complexity
sequence (LCS). Low complexity regions only contain a subset
of the 20 possible amino acids and they often have a repetitive
nature.
There is a special class of low complexity proteins that contain
mostly polar amino acids, such as glutamine, asparagine and
serine. These proteins are often referred to as prion-like proteins,
because their composition is similar to proteins in budding yeast
that form heritable aggregates or prions (Alberti et al., 2009; King
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et al., 2012; Malinovska et al., 2013). There is now increasing
evidence that prion-like proteins are highly aggregation-prone
and cause several diseases when mutated (Li et al., 2013; Taylor
et al., 2016). One example is the RNA-binding protein TDP-43,
which, when mutated in the C-terminal prion-like region,
aggregates in the cytoplasm and causes ALS and related diseases.
Another example is the RNA-binding protein FUS, which is
associated with some of the most aggressive forms of ALS and
FTD. Mutations in FUS are often found in the C-terminal
nuclear localization sequence, which changes the localization of
the protein and leads to the formation of cytotoxic aggregates in
the cytoplasm (Lagier-Tourenne et al., 2010).
Studies in the last couple of years have begun to unravel the
molecular function of prion-like low complexity regions. Most
of the evidence comes from experiments with the two prion-like
proteins FUS and hnRNPA1. These experiments suggest that the
LCS of FUS and hnRNPA1 are required for the formation of
compartments by LLPS (Molliex et al., 2015; Patel et al., 2015).
The polymer nature of the LCS and their ability to undergo many
weak interactions allow these proteins to phase separate and form
liquid droplets. Prion-like proteins such as FUS need to be in a
state of supersaturation in order to phase separate. In agreement,
the cellular concentration of these proteins is under tight control,
and the solubility and self-interaction of prion-like proteins are
regulated by PTMs (Wippich et al., 2013; Nott et al., 2015).
Recent findings show that, when large numbers of FUS
molecules interact, they can adopt a range of different material
states (Murakami et al., 2015; Patel et al., 2015). FUS first forms
dense liquids in in vitro reconstitution experiments, but these
liquids are metastable and mature into gels and fibers that are
reminiscent of pathological aggregates found in patients (Patel
et al., 2015). This process has been referred to as molecular
aging, and the ability to adopt different states is now known
as the continuum model (Figure 2; Alberti and Hyman, 2016;
Bergeron-Sandoval et al., 2016). Importantly, the molecular
aging of FUS is accelerated bymutations that have been identified
in ALS and FTD patients.
Thus, in conclusion, there is a group of proteins such
as FUS and TDP-43 whose function is to form intracellular
compartments. There are more than 100 proteins with similar
sequence compositions as FUS and TDP-43, suggesting that
many additional compartment-forming proteins exist that may
be involved in diseases (King et al., 2012; Malinovska et al.,
2013). However, for most of these proteins we do not know
their physiological functions, nor do we know whether they are
involved in pathologies. However, there is one membrane-less
compartment known as SGs that contains many disease-
associated prion-like proteins. It has been proposed that aberrant
SG behavior underlies age-related diseases such as ALS and FTD.
Thus, in the following, we will discuss the link between SGs,
prion-like proteins and PQC.
STRESS GRANULES: FUNCTION,
COMPOSITION AND ASSEMBLY
Cells are frequently exposed to stress, such as high temperature,
UV light, oxidative stress, starvation or viral infection
(Morimoto, 2011). To cope with such stressful conditions,
cells have evolved mechanisms to conserve energy and protect
macromolecules. One way to achieve these goals is to shut down
translation of house-keeping genes and prioritize the synthesis
of enzymes and chaperones required for stress adaptation.
Translation inhibition is often induced via phosphorylation
of the initiation factor 2 alpha (eIF2alpha) and followed by
polyribosome disassembly. This in turn leads to the release of
translation initiation factors, ribosomal subunits and mRNAs
that are coated with RBPs. The released mRNA-RBP complexes
are then packaged into membrane-less RNP compartments that
are called SGs. These SGs sequester the released mRNAs and
RBPs and keep them silent and protected from degradation until
the stress subsides (Anderson and Kedersha, 2002).
Polyribosome disassembly not only leads to the release of
mRNAs and translation factors but also of newly synthesized
polypeptides. These polypeptides fold into their native
FIGURE 2 | The continuum model of prion-like proteins. FUS and other prion-like proteins can adopt a range of different material states. When supersaturated,
FUS demixes from a solution of FUS molecules and assembles into liquid-like droplets. These liquid droplets are unstable and will convert with time into gels and
solid-like fibers. The liquid-like state is required for the formation of physiological compartments in the nucleus and cytoplasm of cells, whereas the gel and fiber
states have been associated with pathological conditions.
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structure with the assistance of chaperones or they associate
with other proteins to form native complexes. However,
a surprisingly high number of released polypeptides are
defective. There are estimates that between 6% and 30% of
all newly synthesized proteins are DRiPs and are very rapidly
degraded by the UPS (Schubert et al., 2000; Qian et al.,
2006). These DRiPs can arise from premature translation
termination, faulty mRNAs or ribosomal frameshifting
(Yewdell, 2011). It is very likely that DRiP formation is
strongly increased under stress conditions, because they
generally lead to cotranslational misfolding and premature
termination events (Lelouard et al., 2004; Szeto et al.,
2006).
SGs are highly dynamic structures, and proteins and RNAs
that localize in SGs often have only very short residence
times in SGs. The nucleation of SGs also occurs rapidly via
self-assembly of RBPs that contain prion-like low complexity
domains, including e.g., TIA-1, G3BP, FUS, hnRNPA1 (Gilks
et al., 2004; Cushman et al., 2010). Increasing evidence suggests
that these proteins have the ability to phase separate and form
SGs through LLPS (Kroschwald et al., 2015; Molliex et al., 2015;
Patel et al., 2015). Although SGs clearly have properties of dense
liquids (Molliex et al., 2015; Patel et al., 2015), there also is
evidence that they contain solid-like ‘‘cores’’ (Jain et al., 2016;
Wheeler et al., 2016). It has been postulated that these cores
are nucleating RNPs that initiate the assembly of SGs (Wheeler
et al., 2016). However, it remains a possibility that the cores are
liquid-like initially, but then quickly harden through a molecular
aging process.
SGs not only contain RBPs and RNAs but also additional
factors, such as 40S ribosomal subunits, eIF2, eIF3, eIF4E, eIF4G,
eIF4A, eIF4B, poly(A)-binding protein (PABP). Depending on
experimental conditions, they also contain RNA helicases and
factors involved in cell signaling, such as mTORC1 (Buchan
and Parker, 2009). Sequestration of mTORC1 inside SGs
allows the control of mTORC1 signaling during stress and
is mediated by the dual specificity tyrosine-phosphorylation-
regulated kinase 3 (DYRK3; Wippich et al., 2013). Importantly,
DYRK3 partitioning into SGs is regulated by its own kinase
activity.
In fact, growing evidence now suggests that PTMs of SG
components influence the formation, composition and function
of SGs. These PTMs comprise phosphorylation, acetylation,
O-glycosylation and methylation reactions (Gallouzi et al., 1998;
Tourrière et al., 2001, 2003; Schmidlin et al., 2004; Stoecklin
et al., 2004; De Leeuw et al., 2007; Kwon et al., 2007; Goulet
et al., 2008; Ohn et al., 2008). For example, phosphorylation
regulates the accumulation of TTP, G3BP and BRF1 inside SGs
(Gallouzi et al., 1998; Tourrière et al., 2001, 2003; Schmidlin et al.,
2004; Stoecklin et al., 2004). Moreover, addition of O-Glc-NAc
sugar moieties to RBPs enhances SG formation (Ohn et al.,
2008). Regulation by reversible PTMs ensures that SGs are
formed rapidly in response to stress, but also quickly dissolve
again when the stress conditions subside. Therefore, a better
understanding of how PTMs control SG dynamics, and thus
protein production and cell signaling, will be an important future
objective.
STRESS GRANULES RECRUIT PQC
FACTORS AND AUTOPHAGY MACHINERY
Early studies indicated that SGs also contain factors involved
in PQC, including chaperones, components of the UPS and
autophagy factors. This suggested that there may be close ties
between the SG response and the PQC system. One of the
first PQC components shown to accumulate in heat-inducible
SGs was the small HSP HSPB1/HSP27 (Collier and Schlesinger,
1986; Scharf et al., 1998; Kedersha et al., 1999). Another
small HSP, HSPB8/HSP22, was later found to localize to
SGs that form upon proteotoxic stress (Ganassi et al., 2016).
Additional PQC players that reside in SGs have been identified;
this includes, among others, ubiquitin, HDAC6 and VCP/p97
(Kawaguchi et al., 2003; Kitami et al., 2006; Kwon et al.,
2007; Buchan et al., 2013). VCP/p97 is an ubiquitin-binding
protein involved in degrading ubiquitylated substrates; it is
also a key component of several degradation pathways, such as
ERAD (ER-associated degradation) and co-translational protein
degradation (Meyer and Weihl, 2014). HDAC6 recognizes
misfolded proteins and assists aggresome formation at the
centrosome via its ability to associate with the motor protein
dynein (Kawaguchi et al., 2003). Together, these findings
demonstrate that many different PQC components accumulate
in SGs. But why are these factors recruited to SGs? Which client
proteins do they target? And what is the fate of these client
proteins?
An important study in 2014 by the Parker and Taylor labs
provided evidence that SGs can be degraded by autophagy and
that VCP/p97 plays a key role in this process (Buchan et al.,
2013). Further support for a role of autophagy came from the
finding that the autophagy receptor p62 accumulates specifically
in SGs (Matus et al., 2014). This has led to the hypothesis that
SGs are directly targeted and cleared by autophagy machinery.
However, two questions remained unresolved: is autophagy the
preferred pathway of SG clearance? And is autophagy-mediated
SG disposal specific or not?
Two recent studies now shed light on these unresolved
questions (Ganassi et al., 2016; Mateju et al., 2017). These studies
provided evidence for two different types of SGs: physiological
SGs and aberrant SGs. Physiological SGs are free of misfold
proteins and PQC factors and consequently not recognized by the
autophagy machinery; aberrant SGs instead contain misfolded
proteins and these misfolded proteins attract PQC factors and
autophagy machinery to SGs. Importantly, a very recent study
suggests that aberrant SGs are very abundant in organisms of
increasing age (Lechler et al., 2017).
Additional findings suggest that aggresome formation plays
a key role in linking SG clearance to autophagy (Mateju
et al., 2017). The aggresome is a large protein inclusion that
sequesters misfolded proteins in an HDAC6-dependent manner
(Kawaguchi et al., 2003; Lee et al., 2010). Aggresome formation
is usually turned on in cells where the clearance capacity for
misfolded proteins is exceeded. Findings by Mateju et al. (2017)
now show that aberrant SGs are targeted by PQC factors and
then collected at the centrosome in a microtubule-dependent
manner. Moreover, aberrant SGs that are sequestered at the
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aggresome are selectively degraded by autophagy. In agreement
with these recent findings, the SG-localized proteins HSPB1 and
HSPB8 have also been shown to localize to the aggresome
(Bolhuis and Richter-Landsberg, 2010; Ganassi et al., 2016).
Moreover, the SG-localized proteins VCP/p97 and HDAC6 both
play a key role in aggresome formation (Ju et al., 2008). Thus, SG
and aggresome formation seem to be intimately linked processes,
and targeting of SGs to aggresomes may be a specific mechanism
to rescue cells from an overload of aberrant SGs.
Further evidence for this model comes from recent findings
suggesting that autophagy is not the preferred pathway for SG
clearance (Ganassi et al., 2016; Mateju et al., 2017). The great
majority of aberrant and physiological SGs disassemble when
the stress subsides and the components contained in SGs are
recycled. However, if autophagy is not the preferred pathway of
SG clearance, how are SGs normally dissolved? As we discuss
in the next section, molecular chaperones play essential roles in
disassembling and releasing the stored components from SGs,
and this specifically affects SGs that have adopted an aberrant
composition and behavior.
MOLECULAR CHAPERONES REGULATE
STRESS GRANULE DISASSEMBLY
SGs are highly dynamic structures that usually disassemble
within a few hours after their formation, even if the stress
conditions persist. Indeed, short-term proteasome inhibition
induces SG assembly, with a maximal peak circa 3 h after
treatment, whereas prolonged proteasome inhibition results in
SG dissolution, typically 6–8 h after treatment (Mazroui et al.,
2007; Seguin et al., 2014). The disassembly of SGs allows the cells
to recycle SG components, such as proteins, signaling molecules,
mRNAs and 40S ribosomal subunits, which otherwise would
have to be synthesized de novo. Thus, from an energetic point
of view, the storage and release of SG components represents a
more attractive solution than protein degradation and de novo
synthesis.
To ensure a timely SG dissolution, cells require a functional
PQC machinery. The ATP-driven chaperone HSP70 appears
to act as a master regulator of SG dissolution. Early evidence
implicated HSP70 in SG dissolution (Mazroui et al., 2007).
However, how exactly HSP70 regulates the dynamics of SGs
remained unclear. This has changed with the discovery that
HSP70 specifically targets misfolded proteins that accumulate in
SGs (Ganassi et al., 2016; Mateju et al., 2017).
As discussed in one of the previous sections, HSP70 plays
a pivotal role in recognizing aggregation-prone (misfolded)
proteins. Once HSP70 has bound a client protein, it can target
it to the main degradative pathways (UPS and autophagy), with
the assistance of chaperones and co-chaperones (e.g., DNAJs,
BAG1, BAG3). Importantly, proteotoxic stress conditions that
induce SGs also lead to the accumulation of misfolded
proteins, including DRiPs; therefore, it seems possible that SGs
could co-aggregate with misfolded proteins. This was initially
demonstrated in yeast and Drosophila melanogaster cells, where
misfolding-prone model proteins, such as firefly luciferase and
VHL (von Hippel-Lindau tumor suppressor), were shown to
colocalize with heat shock-induced SGs (Cherkasov et al., 2013;
Kroschwald et al., 2015; Walters and Parker, 2015). However, no
such phenotype was observed in human cells, indicating that this
process may be species-specific.
Recent studies indeed suggest that there may be important
differences in SG properties across different species. In
comparison to mammalian SGs, yeast SGs are more solid-
like, and more prone to co-aggregate with misfolded proteins
(Kroschwald et al., 2015). Moreover, yeast SGs can be nucleated
by misfolded proteins (Cherkasov et al., 2013; Kroschwald et al.,
2015). Furthermore, the disassembly of yeast SGs depends on
the chaperone Hsp104, which is also required for restoration
of mRNA translation in the recovery phase (Cherkasov et al.,
2013; Kroschwald et al., 2015). However, mammalian cells lack
a cytosolic homolog of Hsp104. Instead, in mammalian cells
the HSP70 machinery prevents the co-aggregation of SGs with
misfolded proteins such as DRiPs (Ganassi et al., 2016; Mateju
et al., 2017; Figure 3). Under severe stress or PQC impairment,
SGs co-assemble with misfolded proteins even in mammalian
cells.
When DRiPs and other misfolded proteins accumulate inside
SGs, the biochemical and dynamic properties of SGs are strongly
affected (Ganassi et al., 2016; Mateju et al., 2017). Importantly,
aberrant SGs that contain misfolded proteins show decreased
dynamics and are resistant to treatment with RNase. This is
in line with recent findings showing that SGs are composed
of a dynamic, RNase-sensitive shell and a protein-rich, RNase-
resistant core (Jain et al., 2016). Thus, one possibility is that
DRiPs and other misfolded proteins become enriched inside
SGs, and this leads to the formation of aggregate-like (RNase-
resistant) core structures inside SGs. This is supported by
the finding that isolated core structures contain high amounts
of chaperones (Jain et al., 2016). These chaperones could be
recruited because of the presence of misfolded proteins in core
structures. In agreement, key SG proteins, such as G3BP1,
become less dynamic in SGs that contain high levels of misfolded
proteins (Mateju et al., 2017). Moreover, SGs that contain
misfolded proteins become resistant to RNase, indicating that
RNA is no longer required for the structural integrity and that
these SGs have converted into protein aggregates. An alternative
possibility is that the core structures are solid RNPs that nucleate
the formation of SGs. Dissection of this important problem
will require a more detailed spatiotemporal analysis of SG
formation.
Which chaperones and chaperone factors are required for
targeting misfolded proteins in mammalian SGs? Recent findings
indicate that this depends on the concerted action of the HSPB8-
BAG3-HSP70 complex. This complex ensures targeting of DRiPs
to aggresome and degradation pathways, thereby limiting their
accumulation inside SGs. This, in turn, helps promoting their
dynamic disassembly (Ganassi et al., 2016). More specifically,
HSPB8, which is a chaperone holdase, is recruited inside
SGs to prevent promiscuous interactions between DRiPs and
SG components. When misfolded proteins, such as DRiPs,
become entrapped inside SGs, HSPB8 recruits the BAG3-HSP70
subcomplex to sort and process them (Ganassi et al., 2016). This
surveillance function at the level of SGs has been referred to
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FIGURE 3 | Interplay between stress granules (SGs) and PQC. Polysomes disassemble when cells are exposed to stress, releasing mRNAs, ribosomal subunits
and DRiPs (1). mRNAs are packaged into SGs (2). The concerted action of the HSPB8-BAG3-HSP70 complex limits the accumulation of misfolded proteins and
DRiPs inside SGs (3). The surveillance function of HSPB8-BAG3-HSP70 ensures dynamic SG behavior and disassembly (granulostasis; 4), with subsequent
translation restoration (5). Impairment of the HSPB8-BAG3-HSP70 complex and the presence of disease-linked mutations in RBPs leads to the formation of SGs
that increasingly accumulate DRiPs (6) and, consequently, become less dynamic and more aggregate-like (7). Persisting SGs can be degraded via autophagy (8). SG
persistence affects the ability of the cells to properly restore translation after stress, with potentially harmful effects and loss of cellular viability.
as ‘‘granulostasis’’. Although the HSPB8-BAG3-HSP70 complex
plays a pivotal role in granulostasis, other chaperones are
recruited as second line of defense, especially when SGs become
enriched for additional misfolded proteins at later time points.
The small HSP HSPB1 is such a late arriver that could help to
prevent conversion of aberrant SGs into irreversible aggregates
(Ganassi et al., 2016; Mateju et al., 2017; Figure 3).
The accumulation of misfolded proteins in membrane-less
compartments seems to be a more general phenomenon. In fact,
a recent study showed that misfolded proteins accumulate in the
nucleolus and form a so-called amyloid or A body under heat or
acid stress conditions (Audas et al., 2016). Dissolution of protein
aggregates in A bodies requires the action of chaperones such as
HSP70. Thus, similar chaperone machineries may be working in
other membrane-less compartments to regulate and reverse the
accumulation of misfolded proteins.
EMERGING CONNECTIONS BETWEEN
STRESS GRANULES AND AGE-RELATED
DISEASES
Increasing genetic and experimental evidence supports the
interpretation that deregulated SG dynamics and RNA
metabolism participate in the pathogenesis of age-related
neurodegenerative diseases, including Alzheimer’s disease (AD),
ALS, FTD, inclusion body myopathy (IBM) and multisystem
proteinopathy (Taylor et al., 2016). First, one of the key
signatures of these diseases is the accumulation of cytosolic
protein/RNA aggregates. These aggregates are enriched for
TDP-43, a nuclear RNA-binding protein that regulates RNA
metabolism and is recruited into SGs upon stress (Lagier-
Tourenne et al., 2010; Prudlo et al., 2016). Second, several
pathogenic mutations in genes encoding SG components have
been documented, including mutations in TARDBP, FUS,
HNRNPA1, TIA-1, HNRNPDL; many of these disease-linked
mutations increase the propensity of affected proteins to convert
from a dynamic liquid-like state into amyloid-like fibrils,
with consequences for SG dynamics and mRNA metabolism
(Hackman et al., 2013; Kim et al., 2013; Klar et al., 2013; Vieira
et al., 2014; Lin et al., 2015; Molliex et al., 2015; Murakami
et al., 2015; Patel et al., 2015). Third, it is now becoming
clear that pathogenic expansions of a hexanucleotide repeat
in C9ORF72 are the most common cause of ALS and FTD.
C9ORF72 causes the production of toxic dipeptide repeat (DPR)
proteins via repeat-associated non-AUG (RAN) translation.
These DPRs interact with LCS in RBPs, thus altering the
dynamics of membrane-less organelles, such as nucleoli
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and SGs (Lee et al., 2016). In addition, cells expressing the
C9ORF72 repeat expansion form RNA foci that sequester
key RBPs involved in RNA metabolism (Lee et al., 2016).
The observation that DPRs impair SG dynamics in a similar
manner as disease-linked mutations in SG components (e.g.,
TDP-43, hnRNPA1, FUS) puts further emphasis on the idea that
deregulation of RNP granules is a central pathogenic event in
many age-related diseases.
There is now clear evidence that mutated or dysfunctional
RBPs cause many age-related neurodegenerative diseases, such
as ALS and FTD. However, another important group of proteins
that have been linked to neurological diseases, including ALS,
motor neuropathies and IBM, are molecular chaperones and
PQC factors. Studies have identified mutations in genes coding
for the molecular chaperone VCP/p97, the autophagy receptor
p62, or the chaperones and co-chaperones HSPB1, HSPB8 and
BAG3 (Evgrafov et al., 2004; Irobi et al., 2004; Mizuno et al., 2006;
Selcen et al., 2009; Johnson et al., 2010; Teyssou et al., 2013; Rea
et al., 2014; Ghaoui et al., 2016). The fact that a dysfunctional
HSPB8-BAG3-HSP70 or VCP complex results in altered SG
composition and dynamics provides further support for a strong
interdependence of PQC, SG homeostasis and disease.
Therefore, we propose the following model: on the one
hand, mutations in SG components increase their propensity to
aggregate; this promotes promiscuous interactions within SGs
and increases the tendency of SGs to accumulate misfolded
proteins and DRiPs, thus impairing SG functionality (Ganassi
et al., 2016). On the other hand, functional impairment of
HSPB8-BAG3-HSP70 or VCP cause increased retention of
misfolded proteins inside SGs, favoring the conversion of SG
components into fibrillary aggregates. Together, these data
suggest a strong relationship between PQC and RNAmetabolism
and further support the idea that molecular imbalances,
due to mutations or aging, selectively affect SG biogenesis,
which finally leads to a loss of homeostasis and neuronal
demise.
This interpretation is supported by recent data linking
deregulated SG dynamics with aging. In particular, using C.
elegans and senescent cell models it has been shown that SG
dynamics decrease with aging due to co-aggregation of RBPs
with misfolded proteins (Gallouzi, 2009; Lechler et al., 2017;
Moujaber et al., 2017). Importantly, in C. elegans, the aggregation
of SG components is associated with decreased cell fitness and
aging, while prevention of RBP aggregation by activation of the
heat shock transcription factor HSF-1 and of longevity pathways
maintains healthy aging (Lechler et al., 2017). Combined these
results provide direct evidence that deregulated aggregation of
RBPs is implicated in the aging process and contributes to the
development of age-related neurodegenerative diseases. Delayed
disassembly and clearance of SGs in aging cells would not
only compromise the function of RBPs that become entrapped
inside aggregating SGs, but it would also impair the synthesis of
many proteins that are required for cell adaptation. Altogether,
the insolubilization of critical RBPs and the impaired synthesis
of critical cell components would render aged cells more
vulnerable, with detrimental consequences for their function and
viability.
It is not yet clear whether SG aggregation during aging is
due to a failure of the granulostasis machinery. However, the
observations that SGs co-aggregate with misfolded proteins
and that boosting the heat shock response maintains RBP
dynamics strongly suggest that upregulation of specific
molecular chaperones may represent a valid approach to combat
aging and age-related neurodegenerative diseases. Besides the
granulostasis machinery, yeast Hsp104 and the mammalian
disaggregase machinery composed of HSP110, HSP70 and
HSP40 may represent attractive candidates, whose induction
may dissolve aggregated RNPs, thus exerting anti-aging
protective effects (Shorter, 2011, 2017; Jackrel et al., 2014).
Intriguingly, cooperation between the mammalian disaggregase
machinery and human small HSPs has been shown to potentiate
the dissolution of amyloid aggregates (Duennwald et al., 2012).
This finding opens the possibility that cross-talk between
the HSPB8-BAG3-HSP70 granulostasis machinery and the
disaggregase machinery might exist and that boosting the latter
might represent a powerful tool to prevent the accumulation of
aberrant RNP granules, thereby maintaining a state of healthy
aging and delaying disease progression.
CONCLUDING REMARKS
The findings discussed here summarize the many mechanisms
by which cells cope with proteotoxic stress conditions both as
a response to acute external insults or to chronic disease-linked
stress; they further highlight how aberrant phase transitions
may represent a key triggering event in aging and in a
range of neurodegenerative diseases, including ALS and FTD.
In particular, this review has emphasized the crucial role of
chaperone complexes, with a focus on the HSP70 chaperone
machinery. Indeed, chaperones seem to assume a dual functional
role in controlling protein homeostasis as well as the composition
and function of mRNP SGs, thereby limiting detrimental effects
that occur with increasing age.
Potentiation of chaperones and degradative systems have
proved very effective in delaying or rescuing neurodegeneration
in a number of models of protein conformation diseases,
including ALS, AD and polyglutamine diseases (Ravikumar
et al., 2002, 2004, 2005; Crippa et al., 2010). In particular,
the upregulation of the chaperone HSPB8, or of its Drosophila
melanogaster homolog (HSP67Bc) was shown to protect against
protein aggregation and toxicity in cell and fly models of
ALS and polyglutamine diseases and cooperation between
HSPB5 and the mammalian disaggregase machinery was very
effective in dissolving protein aggregates (Carra et al., 2010;
Duennwald et al., 2012; Crippa et al., 2016). Conversely,
mutations in small HSPs such as HSPB1, HSPB3, HSPB5,
HSPB8 and the co-chaperones DNAJB6 and BAG3 have all
been associated with motor neuron and muscular diseases
(Vicart et al., 1998; Selcen et al., 2009; Couthouis et al.,
2014). This direct association of mutated chaperones with
neurological and muscular diseases supports the notion that
chaperones play pivotal role in maintaining healthy neurons
and muscle cells. The recent implication of the HSPB8-BAG3-
HSP70 complex in SG maintenance provides further evidence
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for a key link between chaperones, mRNA metabolism and
cellular health (Walters and Parker, 2015; Ganassi et al., 2016).
This is reinforced by the finding that chaperones such as
HSPB1 and VCP are regulators of SG composition, dynamism
and dissolution/disposal (Buchan et al., 2013;Mateju et al., 2017).
Altogether these results suggest that boosting granulostasis may
be a very efficient mechanism to rescue both proteostasis and
ribostasis in cells.
AUTHOR CONTRIBUTIONS
SA, DM, LM and SC equally contributed to the writing of this
review.
FUNDING
This work was supported by: Agenzia di Ricerca per
la Sclerosi Laterale Amiotrofica (AriSLA) Fondation,
Ministero dell’Istruzione, dell’Università e della Ricerca
(MIUR) and Ministry of Health (Grant No. GR-2011-
02347198) and the Max Planck Society. This is an EU Joint
Programme—Neurodegenerative Disease Research (JPND)
project. The project is supported through the following funding
organizations under the aegis of JPND—www.jpnd.eu. This
project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement No. 643417. None of the authors of this manuscript
have a financial interest related to this work.
ACKNOWLEDGMENTS
We are grateful to our collaborators, in particular Dr. Angelo
Poletti (University of Milan), Dr. Cristina Cereda (IRCCS
Mondino, Pavia) and Dr. Jessica Mandrioli (Department of
Neuroscience Ausl of Modena). We thank Edgar Boczek for
critical comments on the manuscript.
REFERENCES
Alberti, S., Demand, J., Esser, C., Emmerich, N., Schild, H., and Hohfeld, J.
(2002). Ubiquitylation of BAG-1 suggests a novel regulatorymechanism during
the sorting of chaperone substrates to the proteasome. J. Biol. Chem. 277,
45920–45927. doi: 10.1074/jbc.M204196200
Alberti, S., Halfmann, R., King, O., Kapila, A., and Lindquist, S. (2009).
A systematic survey identifies prions and illuminates sequence features
of prionogenic proteins. Cell 137, 146–158. doi: 10.1016/j.cell.2009.
02.044
Alberti, S., and Hyman, A. A. (2016). Are aberrant phase transitions a driver of
cellular aging? Bioessays 38, 959–968. doi: 10.1002/bies.201600042
Anderson, P., and Kedersha, N. (2002). Stressful initiations. J. Cell Sci. 115,
3227–3234.
Arias, E., and Cuervo, A. M. (2011). Chaperone-mediated autophagy
in protein quality control. Curr. Opin. Cell Biol. 23, 184–189.
doi: 10.1016/j.ceb.2010.10.009
Audas, T. E., Audas, D. E., Jacob, M. D., Ho, J. J., Khacho, M., Wang, M., et al.
(2016). Adaptation to stressors by systemic protein amyloidogenesis. Dev. Cell
39, 155–168. doi: 10.1016/j.devcel.2016.09.002
Banani, S. F., Rice, A. M., Peeples, W. B., Lin, Y., Jain, S., Parker, R., et al. (2016).
Compositional control of phase-separated cellular bodies. Cell 166, 651–663.
doi: 10.1016/j.cell.2016.06.010
Beckmann, R. P., Mizzen, L. E., andWelch,W. J. (1990). Interaction of Hsp 70 with
newly synthesized proteins: implications for protein folding and assembly.
Science 248, 850–854. doi: 10.1126/science.2188360
Bengtson, M. H., and Joazeiro, C. A. (2010). Role of a ribosome-associated
E3 ubiquitin ligase in protein quality control. Nature 467, 470–473.
doi: 10.1038/nature09371
Bergeron-Sandoval, L. P., Safaee, N., and Michnick, S. W. (2016). Mechanisms
and consequences of macromolecular phase separation. Cell 165, 1067–1079.
doi: 10.1016/j.cell.2016.05.026
Bolhuis, S., and Richter-Landsberg, C. (2010). Effect of proteasome inhibition
by MG-132 on HSP27 oligomerization, phosphorylation, and aggresome
formation in the OLN-93 oligodendroglia cell line. J. Neurochem. 114, 960–971.
doi: 10.1111/j.1471-4159.2010.06600.x
Brandman, O., and Hegde, R. S. (2016). Ribosome-associated protein quality
control. Nat. Struct. Mol. Biol. 23, 7–15. doi: 10.1038/nsmb.3147
Brandman, O., Stewart-Ornstein, J., Wong, D., Larson, A., Williams, C. C.,
Li, G. W., et al. (2012). A ribosome-bound quality control complex triggers
degradation of nascent peptides and signals translation stress. Cell 151,
1042–1054. doi: 10.1016/j.cell.2012.10.044
Brangwynne, C. P., Eckmann, C. R., Courson, D. S., Rybarska, A., Hoege, C.,
Gharakhani, J., et al. (2009). Germline P granules are liquid droplets that
localize by controlled dissolution/condensation. Science 324, 1729–1732.
doi: 10.1126/science.1172046
Brangwynne, C. P., Mitchison, T. J., and Hyman, A. A. (2011). Active liquid-like
behavior of nucleoli determines their size and shape in Xenopus laevis oocytes.
Proc. Natl. Acad. Sci. U S A 108, 4334–4339. doi: 10.1073/pnas.1017150108
Buchan, J. R., Kolaitis, R. M., Taylor, J. P., and Parker, R. (2013). Eukaryotic
stress granules are cleared by autophagy and Cdc48/VCP function. Cell 153,
1461–1474. doi: 10.1016/j.cell.2013.05.037
Buchan, J. R., and Parker, R. (2009). Eukaryotic stress granules: the ins and outs of
translation.Mol. Cell 36, 932–941. doi: 10.1016/j.molcel.2009.11.020
Carra, S., Boncoraglio, A., Kanon, B., Brunsting, J. F., Minoia, M., Rana, A.,
et al. (2010). Identification of the Drosophila ortholog of HSPB8: implication
of HSPB8 loss of function in protein folding diseases. J. Biol. Chem. 285,
37811–37822. doi: 10.1074/jbc.M110.127498
Cherkasov, V., Hofmann, S., Druffel-Augustin, S., Mogk, A., Tyedmers, J.,
Stoecklin, G., et al. (2013). Coordination of translational control and protein
homeostasis during severe heat stress. Curr. Biol. 23, 2452–2462. doi: 10.1016/j.
cub.2013.09.058
Choe, Y. J., Park, S. H., Hassemer, T., Kórner, R., Vincenz-Donnelly, L., Hayer-
Hartl, M., et al. (2016). Failure of RQC machinery causes protein aggregation
and proteotoxic stress. Nature 531, 191–195. doi: 10.1038/nature16973
Ciechanover, A. (2005). Proteolysis: from the lysosome to ubiquitin and the
proteasome. Nat. Rev. Mol. Cell Biol. 6, 79–87. doi: 10.1038/nrm1552
Ciryam, P., Kundra, R., Morimoto, R. I., Dobson, C. M., and Vendruscolo, M.
(2015). Supersaturation is a major driving force for protein aggregation in
neurodegenerative diseases. Trends Pharmacol. Sci. 36, 72–77. doi: 10.1016/j.
tips.2014.12.004
Clausen, T. H., Lamark, T., Isakson, P., Finley, K., Larsen, K. B., Brech, A.,
et al. (2010). p62/SQSTM1 and ALFY interact to facilitate the formation of
p62 bodies/ALIS and their degradation by autophagy. Autophagy 6, 330–344.
doi: 10.4161/auto.6.3.11226
Cohen-Kaplan, V., Livneh, I., Avni, N., Cohen-Rosenzweig, C., and
Ciechanover, A. (2016). The ubiquitin-proteasome system and autophagy:
coordinated and independent activities. Int. J. Biochem. Cell Biol. 79, 403–418.
doi: 10.1016/j.biocel.2016.07.019
Collier, N. C., and Schlesinger, M. J. (1986). The dynamic state of heat
shock proteins in chicken embryo fibroblasts. J. Cell Biol. 103, 1495–1507.
doi: 10.1083/jcb.103.4.1495
Couthouis, J., Raphael, A. R., Siskind, C., Findlay, A. R., Buenrostro, J. D.,
Greenleaf, W. J., et al. (2014). Exome sequencing identifies a DNAJB6mutation
in a family with dominantly-inherited limb-girdle muscular dystrophy.
Neuromuscul. Disord. 24, 431–435. doi: 10.1016/j.nmd.2014.01.014
Crippa, V., Cicardi, M. E., Ramesh, N., Seguin, S. J., Ganassi, M., Bigi, I., et al.
(2016). The chaperone HSPB8 reduces the accumulation of truncated TDP-43
Frontiers in Molecular Neuroscience | www.frontiersin.org 11 March 2017 | Volume 10 | Article 84
Alberti et al. Stress Granules and Disease
species in cells and protects against TDP-43-mediated toxicity. Hum. Mol.
Genet. 25, 3908–3924. doi: 10.1093/hmg/ddw232
Crippa, V., Sau, D., Rusmini, P., Boncoraglio, A., Onesto, E., Bolzoni, E., et al.
(2010). The small heat shock protein B8 (HspB8) promotes autophagic removal
of misfolded proteins involved in amyotrophic lateral sclerosis (ALS). Hum.
Mol. Genet. 19, 3440–3456. doi: 10.1093/hmg/ddq257
Cristofani, R., Crippa, V., Rusmini, P., Cicardi, M. E., Meroni, M., Giorgetti, E.,
et al. (2017). Inhibition of retrograde transport modulates misfolded protein
accumulation and clearance in motoneuron diseases. Autophagy [Epub ahead
of Print].
Cushman, M., Johnson, B. S., King, O. D., Gitler, A. D., and Shorter, J.
(2010). Prion-like disorders: blurring the divide between transmissibility and
infectivity. J. Cell Sci. 123, 1191–1201. doi: 10.1242/jcs.051672
Defenouillere, Q., Yao, Y., Mouaikel, J., Namane, A., Galopier, A., Decourty, L.,
et al. (2013). Cdc48-associated complex bound to 60S particles is required for
the clearance of aberrant translation products. Proc. Natl. Acad. Sci. U S A 110,
5046–5051. doi: 10.1073/pnas.1221724110
De Leeuw, F., Zhang, T., Wauquier, C., Huez, G., Kruys, V., and Gueydan, C.
(2007). The cold-inducible RNA-binding protein migrates from the nucleus to
cytoplasmic stress granules by a methylation-dependent mechanism and acts
as a translational repressor. Exp. Cell Res. 313, 4130–4144. doi: 10.1016/j.yexcr.
2007.09.017
Demand, J., Alberti, S., Patterson, C., and Hóhfeld, J. (2001).
Cooperation of a ubiquitin domain protein and an E3 ubiquitin ligase
during chaperone/proteasome coupling. Curr. Biol. 11, 1569–1577.
doi: 10.1016/s0960-9822(01)00487-0
Duennwald, M. L., Echeverria, A., and Shorter, J. (2012). Small heat shock
proteins potentiate amyloid dissolution by protein disaggregases from yeast
and humans. PLoS Biol. 10:e1001346. doi: 10.1371/journal.pbio.1001346
Evgrafov, O. V., Mersiyanova, I., Irobi, J., Van Den Bosch, L., Dierick, I.,
Leung, C. L., et al. (2004). Mutant small heat-shock protein 27 causes axonal
Charcot-Marie-Tooth disease and distal hereditary motor neuropathy. Nat.
Genet. 36, 602–606. doi: 10.1038/ng1354
Filimonenko, M., Isakson, P., Finley, K. D., Anderson, M., Jeong, H., Melia, T. J.,
et al. (2010). The selective macroautophagic degradation of aggregated proteins
requires the PI3P-binding protein.Mol. Cell 38, 265–279. doi: 10.1016/j.molcel.
2010.04.007
Gallouzi, I. E. (2009). Could stress granules be involved in age-related diseases?
Aging (Albany NY) 21, 753–757. doi: 10.18632/aging.100090
Gallouzi, I. E., Parker, F., Chebli, K., Maurier, F., Labourier, E., Barlat, I.,
et al. (1998). A novel phosphorylation-dependent RNase activity of GAP-SH3
binding protein: a potential link between signal transduction and RNA stability.
Mol. Cell. Biol. 18, 3956–3965. doi: 10.1128/mcb.18.7.3956
Gamerdinger, M., Kaya, A. M., Wolfrum, U., Clement, A. M., and Behl, C. (2011).
BAG3 mediates chaperone-based aggresome-targeting and selective autophagy
of misfolded proteins. EMBO Rep. 12, 149–156. doi: 10.1038/embor.2010.203
Ganassi, M., Mateju, D., Bigi, I., Mediani, L., Poser, I., Lee, H. O., et al. (2016). A
surveillance function of the HSPB8-BAG3-HSP70 chaperone complex ensures
stress granule integrity and dynamism. Mol. Cell 63, 796–810. doi: 10.1016/j.
molcel.2016.07.021
Ghaoui, R., Palmio, J., Brewer, J., Lek, M., Needham, M., Evilä, A., et al. (2016).
Mutations in HSPB8 causing a new phenotype of distal myopathy and motor
neuropathy. Neurology 86, 391–398. doi: 10.1212/WNL.0000000000002324
Gilks, N., Kedersha, N., Ayodele, M., Shen, L., Stoecklin, G., Dember, L. M., et al.
(2004). Stress granule assembly is mediated by prion-like aggregation of TIA-1.
Mol. Biol. Cell 15, 5383–5398. doi: 10.1091/mbc.e04-08-0715
Glickman, M. H., and Ciechanover, A. (2002). The ubiquitin-proteasome
proteolytic pathway: destruction for the sake of construction. Physiol. Rev. 82,
373–428. doi: 10.1152/physrev.00027.2001
Gloge, F., Becker, A. H., Kramer, G., and Bukau, B. (2014). Co-translational
mechanisms of protein maturation. Curr. Opin. Struct. Biol. 24, 24–33.
doi: 10.1016/j.sbi.2013.11.004
Goulet, I., Boisvenue, S., Mokas, S., Mazroui, R., and Côté, J. (2008). TDRD3,
a novel Tudor domain-containing protein, localizes to cytoplasmic stress
granules. Hum. Mol. Genet. 17, 3055–3074. doi: 10.1093/hmg/ddn203
Hackman, P., Sarparanta, J., Lehtinen, S., Vihola, A., Evilä, A., Jonson, P. H., et al.
(2013). Welander distal myopathy is caused by a mutation in the RNA-binding
protein TIA1. Ann. Neurol. 73, 500–509. doi: 10.1002/ana.23831
Hartl, F. U., Bracher, A., and Hayer-Hartl, M. (2011). Molecular
chaperones in protein folding and proteostasis. Nature 475, 324–332.
doi: 10.1038/nature10317
Haslbeck, M., Franzmann, T., Weinfurtner, D., and Buchner, J. (2005). Some like
it hot: the structure and function of small heat-shock proteins.Nat. Struct. Mol.
Biol. 12, 842–846. doi: 10.1038/nsmb993
Hyman, A. A.,Weber, C. A., and Jülicher, F. (2014). Liquid-liquid phase separation
in biology. Annu. Rev. Cell Dev. Biol. 30, 39–58. doi: 10.1146/annurev-cellbio-
100913-013325
Irobi, J., Van Impe, K., Seeman, P., Jordanova, A., Dierick, I., Verpoorten, N., et al.
(2004). Hot-spot residue in small heat-shock protein 22 causes distal motor
neuropathy. Nat. Genet. 36, 597–601. doi: 10.1038/ng1328
Jackrel, M. E., DeSantis, M. E., Martinez, B. A., Castellano, L. M., Stewart, R. M.,
Caldwell, K. A., et al. (2014). Potentiated Hsp104 variants antagonize diverse
proteotoxic misfolding events. Cell 156, 170–182. doi: 10.1016/j.cell.2013.
11.047
Jain, S., Wheeler, J. R., Walters, R. W., Agrawal, A., Barsic, A., and Parker, R.
(2016). ATPase-modulated stress granules contain a diverse proteome and
substructure. Cell 164, 487–498. doi: 10.1016/j.cell.2015.12.038
Johnson, J. O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V. M.,
Trojanowski, J. Q., et al. (2010). Exome sequencing reveals VCP mutations as a
cause of familial ALS. Neuron 68, 857–864. doi: 10.1016/j.neuron.2010.11.036
Ju, J. S., Miller, S. E., Hanson, P. I., and Weihl, C. C. (2008). Impaired
protein aggregate handling and clearance underlie the pathogenesis of
p97/VCP-associated disease. J. Biol. Chem. 283, 30289–30299. doi: 10.1074/jbc.
M805517200
Kampinga, H. H., and Craig, E. A. (2010). The HSP70 chaperone machinery:
J proteins as drivers of functional specificity. Nat. Rev. Mol. Cell Biol. 11,
579–592. doi: 10.1038/nrm2941
Kawaguchi, Y., Kovacs, J. J., McLaurin, A., Vance, J. M., Ito, A., and
Yao, T. P. (2003). The deacetylase HDAC6 regulates aggresome formation
and cell viability in response to misfolded protein stress. Cell 115, 727–738.
doi: 10.1016/s0092-8674(03)00939-5
Kedersha, N., and Anderson, P. (2002). Stress granules: sites of mRNA triage that
regulate mRNA stability and translatability. Biochem. Soc. Trans. 30, 963–969.
doi: 10.1042/bst0300963
Kedersha, N. L., Gupta, M., Li, W., Miller, I., and Anderson, P. (1999). RNA-
binding proteins TIA-1 and TIAR link the phosphorylation of eIF-2 alpha
to the assembly of mammalian stress granules. J. Cell Biol. 147, 1431–1442.
doi: 10.1083/jcb.147.7.1431
Kim, H. J., Kim, N. C., Wang, Y. D., Scarborough, E. A., Moore, J.,
Diaz, Z., et al. (2013). Mutations in prion-like domains in hnRNPA2B1 and
hnRNPA1 cause multisystem proteinopathy and ALS. Nature 495, 467–473.
doi: 10.1038/nature11922
King, O. D., Gitler, A. D., and Shorter, J. (2012). The tip of the iceberg:
RNA-binding proteins with prion-like domains in neurodegenerative disease.
Brain Res. 1462, 61–80. doi: 10.1016/j.brainres.2012.01.016
Kirkin, V., Lamark, T., Sou, Y. S., Bjørkøy, G., Nunn, J. L., Bruun, J. A., et al. (2009).
A role for NBR1 in autophagosomal degradation of ubiquitinated substrates.
Mol. Cell 33, 505–516. doi: 10.1016/j.molcel.2009.01.020
Kitami, M. I., Kitami, T., Nagahama, M., Tagaya, M., Hori, S., Kakizuka, A.,
et al. (2006). Dominant-negative effect of mutant valosin-containing protein
in aggresome formation. FEBS Lett. 580, 474–478. doi: 10.1016/j.febslet.2005.
12.044
Klar, J., Sobol, M., Melberg, A., Mäbert, K., Ameur, A., Johansson, A. C., et al.
(2013). Welander distal myopathy caused by an ancient founder mutation
in TIA1 associated with perturbed splicing. Hum. Mutat. 34, 572–577.
doi: 10.1002/humu.22282
Kroschwald, S., Maharana, S., Mateju, D., Malinovska, L., Nüske, E., Poser, I., et al.
(2015). Promiscuous interactions and protein disaggregases determine
the material state of stress-inducible RNP granules. Elife 4:e06807.
doi: 10.7554/eLife.06807
Kwon, S., Zhang, Y., and Matthias, P. (2007). The deacetylase HDAC6 is a novel
critical component of stress granules involved in the stress response.Genes Dev.
21, 3381–3394. doi: 10.1101/gad.461107
Labbadia, J., and Morimoto, R. I. (2015). The biology of proteostasis in aging
and disease. Annu. Rev. Biochem. 84, 435–464. doi: 10.1146/annurev-biochem-
060614-033955
Frontiers in Molecular Neuroscience | www.frontiersin.org 12 March 2017 | Volume 10 | Article 84
Alberti et al. Stress Granules and Disease
Lagier-Tourenne, C., Polymenidou, M., and Cleveland, D. W. (2010).
TDP-43 and FUS/TLS: emerging roles in RNA processing and
neurodegeneration. Hum. Mol. Genet. 19, R46–R64. doi: 10.1093/hmg/
ddQ147
Lamark, T., Kirkin, V., Dikic, I., and Johansen, T. (2009). NBR1 and p62 as
cargo receptors for selective autophagy of ubiquitinated targets. Cell Cycle 8,
1986–1990. doi: 10.4161/cc.8.13.8892
Lechler, M. C., Crawford, E. D., Groh, N., Widmaier, K., Jung, R., Kirstein, J., et al.
(2017). Reduced insulin/IGF-1 signaling restores the dynamic properties of key
stress granule proteins during.Cell Rep. 18, 454–467. doi: 10.1016/j.celrep.2016.
12.033
Lee, J.-Y., Koga, H., Kawaguchi, Y., Tang, W., Wong, E., Gao, Y.-S., et al. (2010).
HDAC6 controls autophagosome maturation essential for ubiquitin-selective
quality-control autophagy. EMBO J. 29, 969–980. doi: 10.1038/emboj.20
09.405
Lee, K. H., Zhang, P., Kim, H. J., Mitrea, D. M., Sarkar, M., Freibaum, B. D., et al.
(2016). C9orf72 dipeptide repeats impair the assembly, dynamics, and function
of membrane-less organelles. Cell 167, 774–788.e17. doi: 10.1016/j.cell.2016.
10.002
Lelouard, H., Ferrand, V., Marguet, D., Bania, J., Camosseto, V., David, A., et al.
(2004). Dendritic cell aggresome-like induced structures are dedicated areas for
ubiquitination and storage of newly synthesized defective proteins. J. Cell Biol.
164, 667–675. doi: 10.1083/jcb.200312073
Li, P., Banjade, S., Cheng, H. C., Kim, S., Chen, B., Guo, L., et al. (2012). Phase
transitions in the assembly of multivalent signalling proteins. Nature 483,
336–340. doi: 10.1038/nature10879
Li, Y. R., King, O. D., Shorter, J., and Gitler, A. D. (2013). Stress granules as
crucibles of ALS pathogenesis. J. Cell Biol. 201, 361–372. doi: 10.1083/jcb.
201302044
Lin, Y., Protter, D. S., Rosen, M. K., and Parker, R. (2015). Formation and
maturation of phase-separated liquid droplets by RNA-binding proteins. Mol.
Cell 60, 208–219. doi: 10.1016/j.molcel.2015.08.018
Lindquist, S., and Craig, E. A. (1988). The heat-shock proteins. Annu. Rev. Genet.
22, 631–677. doi: 10.1146/annurev.ge.22.120188.003215
Malinovska, L., Kroschwald, S., and Alberti, S. (2013). Protein disorder, prion
propensities, and self-organizingmacromolecular collectives. Biochim. Biophys.
Acta 1834, 918–931. doi: 10.1016/j.bbapap.2013.01.003
Mateju, D., Franzmann, T. M., Patel, A., Kopach, A., Boczek, E. E., Maharana, S.,
et al. (2017). An aberrant phase transition of stress granules triggered by
misfolded protein and prevented by chaperone function. EMBO J. [Epub ahead
of Print].
Matus, S., Bosco, D. A., and Hetz, C. (2014). Autophagy meets fused in sarcoma-
positive stress granules. Neurobiol. Aging 35, 2832–2835. doi: 10.1016/j.
neurobiolaging.2014.08.019
Mazroui, R., Di Marco, S., Kaufman, R. J., and Gallouzi, I. E. (2007). Inhibition of
the ubiquitin-proteasome system induces stress granule formation. Mol. Biol.
Cell 18, 2603–2618. doi: 10.1091/mbc.e06-12-1079
Menzies, F. M., Fleming, A., and Rubinsztein, D. C. (2015). Compromised
autophagy and neurodegenerative diseases. Nat. Rev. Neurosci. 16, 345–357.
doi: 10.1038/nrn3961
Meyer, H., and Weihl, C. C. (2014). The VCP/p97 system at a glance:
connecting cellular function to disease pathogenesis. J. Cell Sci. 127, 3877–3883.
doi: 10.1242/jcs.093831
Minoia, M., Boncoraglio, A., Vinet, J., Morelli, F. F., Brunsting, J. F., Poletti, A.,
et al. (2014). BAG3 induces the sequestration of proteasomal clients into
cytoplasmic puncta: implications for a proteasome-to-autophagy switch.
Autophagy 10, 1603–1621. doi: 10.4161/auto.29409
Mizuno, Y., Amari, M., Takatama, M., Aizawa, H., Mihara, B., and Okamoto, K.
(2006). Immunoreactivities of p62, an ubiqutin-binding protein, in the spinal
anterior horn cells of patients with amyotrophic lateral sclerosis. J. Neurol. Sci.
249, 13–18. doi: 10.1016/j.jns.2006.05.060
Mizushima, N., Levine, B., Cuervo, A. M., and Klionsky, D. J. (2008). Autophagy
fights disease through cellular self-digestion. Nature 451, 1069–1075.
doi: 10.1038/nature06639
Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj, A. P., Kim, H. J.,
et al. (2015). Phase separation by low complexity domains promotes stress
granule assembly and drives pathological fibrillization. Cell 163, 123–133.
doi: 10.1016/j.cell.2015.09.015
Morimoto, R. I. (2011). The heat shock response: systems biology of proteotoxic
stress in aging and disease. Cold Spring Harb. Symp. Quant. Biol. 76, 91–99.
doi: 10.1101/sqb.2012.76.010637
Moujaber, O., Mahboubi, H., Kodiha, M., Bouttier, M., Bednarz, K., Bakshi, R.,
et al. (2017). Dissecting the molecular mechanisms that impair stress granule
formation in aging cells. Biochim. Biophys. Acta 1864, 475–486. doi: 10.1016/j.
bbamcr.2016.12.008
Murakami, T., Qamar, S., Lin, J. Q., Schierle, G. S., Rees, E., Miyashita, A., et al.
(2015). ALS/FTD mutation-induced phase transition of FUS liquid droplets
and reversible hydrogels into irreversible hydrogels impairs RNP granule
function. Neuron 88, 678–690. doi: 10.1016/j.neuron.2015.10.030
Nelson, R. J., Ziegelhoffer, T., Nicolet, C.,Werner-Washburne,M., and Craig, E. A.
(1992). The translation machinery and 70 kd heat shock protein cooperate in
protein synthesis. Cell 71, 97–105. doi: 10.1016/0092-8674(92)90269-i
Nott, T. J., Petsalaki, E., Farber, P., Jervis, D., Fussner, E., Plochowietz, A.,
et al. (2015). Phase transition of a disordered nuage protein generates
environmentally responsive membraneless organelles. Mol. Cell 57, 936–947.
doi: 10.1016/j.molcel.2015.01.013
Ohn, T., Kedersha, N., Hickman, T., Tisdale, S., and Anderson, P. (2008). A
functional RNAi screen links O-GlcNAc modification of ribosomal proteins
to stress granule and processing body assembly. Nat. Cell. Biol. 10, 1224–1231.
doi: 10.1038/ncb1783
Olzmann, J. A., Li, L., Chudaev, M. V., Chen, J., Perez, F. A., Palmiter, R. D.,
et al. (2007). Parkin-mediated K63-linked polyubiquitination targets misfolded
DJ-1 to aggresomes via binding to HDAC6. J. Cell Biol. 178, 1025–1038.
doi: 10.1083/jcb.200611128
Pandey, U. B., Nie, Z., Batlevi, Y., McCray, B. A., Ritson, G. P., Nedelsky, N. B.,
et al. (2007). HDAC6 rescues neurodegeneration and provides an
essential link between autophagy and the UPS. Nature 447, 859–863.
doi: 10.1038/nature05853
Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein,M. Y., et al. (2015).
A liquid-to-solid phase transition of the ALS protein FUS accelerated by disease
mutation. Cell 162, 1066–1077. doi: 10.1016/j.cell.2015.07.047
Prudlo, J., König, J., Schuster, C., Kasper, E., Büttner, A., Teipel, S., et al. (2016).
TDP-43 pathology and cognition in ALS: a prospective clinicopathologic
correlation study. Neurology 87, 1019–1023. doi: 10.1212/WNL.
0000000000003062
Qian, S. B., McDonough, H., Boellmann, F., Cyr, D. M., and Patterson, C. (2006).
CHIP-mediated stress recovery by sequential ubiquitination of substrates and
Hsp70. Nature 440, 551–555. doi: 10.1038/nature04600
Ravid, T., and Hochstrasser, M. (2008). Diversity of degradation signals in
the ubiquitin-proteasome system. Nat. Rev. Mol. Cell Biol. 9, 679–690.
doi: 10.1038/nrm2468
Ravikumar, B., Acevedo-Arozena, A., Imarisio, S., Berger, Z., Vacher, C.,
O’Kane, C. J., et al. (2005). Dynein mutations impair autophagic clearance of
aggregate-prone proteins. Nat. Genet. 37, 771–776. doi: 10.1038/ng1591
Ravikumar, B., Duden, R., and Rubinsztein, D. C. (2002). Aggregate-prone
proteins with polyglutamine and polyalanine expansions are degraded by
autophagy. Hum. Mol. Genet. 11, 1107–1117. doi: 10.1093/hmg/11.9.1107
Ravikumar, B., Vacher, C., Berger, Z., Davies, J. E., Luo, S., Oroz, L. G., et al. (2004).
Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine
expansions in fly and mouse models of Huntington disease. Nat. Genet. 36,
585–595. doi: 10.1038/ng1362
Rea, S. L., Majcher, V., Searle, M. S., and Layfield, R. (2014).
SQSTM1 mutations–bridging Paget disease of bone and ALS/FTLD. Exp.
Cell Res. 325, 27–37. doi: 10.1016/j.yexcr.2014.01.020
Scharf, K. D., Heider, H., Höhfeld, I., Lyck, R., Schmidt, E., and Nover, L. (1998).
The tomato Hsf system: HsfA2 needs interaction with HsfA1 for efficient
nuclear import and may be localized in cytoplasmic heat stress granules. Mol.
Cell. Biol. 18, 2240–2251. doi: 10.1128/mcb.18.4.2240
Schmidlin, M., Lu, M., Leuenberger, S. A., Stoecklin, G., Mallaun, M., Gross, B.,
et al. (2004). The ARE-dependent mRNA-destabilizing activity of BRF1 is
regulated by protein kinase B. EMBO J. 23, 4760–4769. doi: 10.1038/sj.emboj.
7600477
Schubert, U., Antón, L. C., Gibbs, J., Norbury, C. C., Yewdell, J. W., and
Bennink, J. R. (2000). Rapid degradation of a large fraction of newly
synthesized proteins by proteasomes. Nature 404, 770–774. doi: 10.1038/350
08096
Frontiers in Molecular Neuroscience | www.frontiersin.org 13 March 2017 | Volume 10 | Article 84
Alberti et al. Stress Granules and Disease
Seguin, S. J., Morelli, F. F., Vinet, J., Amore, D., De Biasi, S., Poletti, A., et al. (2014).
Inhibition of autophagy, lysosome and VCP function impairs stress granule
assembly. Cell Death Differ. 21, 1838–1851. doi: 10.1038/cdd.2014.103
Selcen, D., Muntoni, F., Burton, B. K., Pegoraro, E., Sewry, C., Bite, A. V.,
et al. (2009). Mutation in BAG3 causes severe dominant childhood muscular
dystrophy. Ann. Neurol. 65, 83–89. doi: 10.1002/ana.21553
Shao, S., Brown, A., Santhanam, B., and Hegde, R. S. (2015). Structure and
assembly pathway of the ribosome quality control complex. Mol. Cell 57,
433–444. doi: 10.1016/j.molcel.2014.12.015
Shorter, J. (2011). The mammalian disaggregase machinery: Hsp110 synergizes
with Hsp70 and Hsp40 to catalyze protein disaggregation and reactivation in
a cell-free system. PLoS One 6:e26319. doi: 10.1371/journal.pone.0026319
Shorter, J. (2017). Designer protein disaggregases to counter neurodegenerative
disease. Curr. Opin. Genet. Dev. 44, 1–8. doi: 10.1016/j.gde.2017.01.008
Stoecklin, G., Stubbs, T., Kedersha, N., Wax, S., Rigby, W. F., Blackwell, T. K., et al.
(2004). MK2-induced tristetraprolin:14–3-3 complexes prevent stress granule
association and ARE-mRNA decay. EMBO J. 23, 1313–1324. doi: 10.1038/sj.
emboj.7600163
Su, X., Ditlev, J. A., Hui, E., Xing, W., Banjade, S., Okrut, J., et al. (2016). Phase
separation of signaling molecules promotes T cell receptor signal transduction.
Science 352, 595–599. doi: 10.1126/science.aad9964
Szeto, J., Kaniuk, N. A., Canadien, V., Nisman, R., Mizushima, N., Yoshimori, T.,
et al. (2006). ALIS are stress-induced protein storage compartments for
substrates of the proteasome and autophagy. Autophagy 2, 189–199.
doi: 10.4161/auto.2731
Takayama, S., and Reed, J. C. (2001). Molecular chaperone targeting
and regulation by BAG family proteins. Nat. Cell. Biol. 3, E237–E241.
doi: 10.1038/ncb1001-e237
Tan, J. M., Wong, E. S., Kirkpatrick, D. S., Pletnikova, O., Ko, H. S., Tay, S. P.,
et al. (2008). Lysine 63-linked ubiquitination promotes the formation and
autophagic clearance of protein inclusions associated with neurodegenerative
diseases. Hum. Mol. Genet. 17, 431–439. doi: 10.1093/hmg/ddm320
Taylor, J. P., Brown, R. H. Jr., and Cleveland, D. W. (2016). Decoding ALS: from
genes to mechanism. Nature 539, 197–206. doi: 10.1038/nature20413
Teyssou, E., Takeda, T., Lebon, V., Boillée, S., Doukouré, B., Bataillon, G.,
et al. (2013). Mutations in SQSTM1 encoding p62 in amyotrophic lateral
sclerosis: genetics and neuropathology. Acta Neuropathol. 125, 511–522.
doi: 10.1007/s00401-013-1090-0
Tourrière, H., Chebli, K., Zekri, L., Courselaud, B., Blanchard, J. M., Bertrand, E.,
et al. (2003). The RasGAP-associated endoribonuclease G3BP assembles stress
granules. J. Cell Biol. 160, 823–831. doi: 10.1083/jcb.200212128
Tourrière, H., Gallouzi, I. E., Chebli, K., Capony, J. P., Mouaikel, J., van der
Geer, P., et al. (2001). RasGAP-associated endoribonuclease G3Bp: selective
RNA degradation and phosphorylation-dependent localization.Mol. Cell. Biol.
21, 7747–7760. doi: 10.1128/MCB.21.22.7747-7760.2001
Verma, R., Oania, R. S., Kolawa, N. J., and Deshaies, R. J. (2013).
Cdc48/p97 promotes degradation of aberrant nascent polypeptides bound to
the ribosome. Elife 2:e00308. doi: 10.7554/eLife.00308
Vicart, P., Caron, A., Guicheney, P., Li, Z., Prévost, M. C., Faure, A.,
et al. (1998). A missense mutation in the alphaB-crystallin chaperone gene
causes a desmin-related myopathy. Nat. Genet. 20, 92–95. doi: 10.1038
/1765
Vieira, N. M., Naslavsky, M. S., Licinio, L., Kok, F., Schlesinger, D., Vainzof, M.,
et al. (2014). A defect in the RNA-processing protein HNRPDL causes
limb-girdle muscular dystrophy 1G (LGMD1G). Hum. Mol. Genet. 23,
4103–4110. doi: 10.1093/hmg/ddu127
Walters, R. W., and Parker, R. (2015). Coupling of Ribostasis and proteostasis:
Hsp70 proteins in mRNA metabolism. Trends Biochem. Sci. 40, 552–559.
doi: 10.1016/j.tibs.2015.08.004
Wang, F., Durfee, L. A., and Huibregtse, J. M. (2013). A cotranslational
ubiquitination pathway for quality control of misfolded proteins.Mol. Cell 50,
368–378. doi: 10.1016/j.molcel.2013.03.009
Wheeler, J. R., Matheny, T., Jain, S., Abrisch, R., and Parker, R. (2016).
Distinct stages in stress granule assembly and disassembly. Elife 5:e18413.
doi: 10.7554/eLife.18413
Wippich, F., Bodenmiller, B., Trajkovska, M. G., Wanka, S., Aebersold, R.,
and Pelkmans, L. (2013). Dual specificity kinase DYRK3 couples stress
granule condensation/dissolution to mTORC1 signaling. Cell 152, 791–805.
doi: 10.1016/j.cell.2013.01.033
Woodruff, J. B., Ferreira Gomes, B., Widlund, P. O., Mahamid, J., and
Hyman, A. A. (2016). The centrosome is a selective phase that nucleates
microtubules by concentrating tubulin. bioRxiv doi: 10.1101/093054
Yang, Z., and Klionsky, D. J. (2009). An overview of the molecular mechanism of
autophagy. Curr. Top. Microbiol. Immunol. 335, 1–32. doi: 10.1007/978-3-642-
00302-8_1
Yang, Z., and Klionsky, D. J. (2010). Eaten alive: a history of macroautophagy.Nat.
Cell. Biol. 12, 814–822. doi: 10.1038/ncb0910-814
Yewdell, J. W. (2011). DRiPs solidify: progress in understanding endogenous
MHC class I antigen processing. Trends Immunol. 32, 548–558. doi: 10.1016/j.
it.2011.08.001
Yonashiro, R., Tahara, E. B., Bengtson, M. H., Khokhrina, M., Lorenz, H.,
Chen, K. C., et al. (2016). The Rqc2/Tae2 subunit of the ribosome-
associated quality control (RQC) complex marks ribosome-stalled nascent
polypeptide chains for aggregation. Elife 5:e11794. doi: 10.7554/elife.
11794
Zhao, J., Brault, J. J., Schild, A., Cao, P., Sandri, M., Schiaffino, S., et al. (2007).
FoxO3 coordinately activates protein degradation by the autophagic/lysosomal
and proteasomal pathways in atrophying muscle cells. Cell Metab. 6, 472–483.
doi: 10.1016/j.cmet.2007.11.004
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Alberti, Mateju, Mediani and Carra. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Molecular Neuroscience | www.frontiersin.org 14 March 2017 | Volume 10 | Article 84
